Abstract: The behaviour of a vehicle at high-speed crashes is enhanced by using active vehicle dynamics control systems.
Introduction
During the past decades, many crash avoidance devices such as turn seatbelts and airbags have been installed in vehicles to protect the occupant by absorbing the energy caused by a crash. Furthermore, to improve the vehicle crash energy absorption capability, the vehicle's front-end and side structures have been developed and enhanced. However, the collision speed still is very important for the crash outcome. At a collision speed of 80 km/h, the possi- * E-mail: bf41xb@student.sunderland.ac.uk bility that the car occupants are killed is about 20 times greater than at a speed of 30 km/h [1] . ADAS techniques have been investigated in an endeavour to alleviate vehicle crash [2] [3] [4] [5] [6] . The main purpose of the ADAS is to warn the driver of dangerous situations and aid him actively in an impending collision. However, ADAS has yet to achieve their goal to prevent vehicle collision. With regard to the occupant safety, vehicle body pitch and drop during frontal impact play an important role in injuries to the driver's neck and head [7] [8] [9] . Vehicle body pitch and drop have normally been experienced in frontal crash tests. A finite element (FE) method has been used to investigate frame deformation upon full-frontal impact and to discuss the cause and counter-measures design regarding vehicle body pitch and drop [7] . It was found that downward bending generated from the geometric offsets of the frame rails in the vertical direction during a crash is the key feature of vehicle body pitching. The development of the vehicle dynamics control systems (VDCS) plays an important role in improving vehicle stability, ride characteristics and passenger safety. The anti-lock braking system (ABS) and the yaw moment control system are used to assist vehicle stability during emergency manoeuvres, while the active suspension control system (AS) is used to improve vehicle ride quality and reduce the vehicle vertical acceleration [10, 11] . In addition, the AS control system integrated with the ABS is used to reduce the vehicle stopping distance [12] . Very little research has been carried out to investigate the effect of the VDCS on vehicle collision. The influence of the braking force on vehicle impact dynamics in lowspeed rear-end collisions has been studied [13] . It was confirmed that the braking force was not negligible in high-quality simulations of vehicle impact dynamics at low speed. The effect of vehicle braking, anti-pitch control system, and direct yaw control (DYC) on vehicle crash routine (at vehicle speeds of 55 km/hr) was investigated using ADAMS multibody dynamics model [14] . Hogan's study found that the ABS has a detrimental effect on vehicle crash performance during offset barrier impacts while DYC systems proved to significantly improve performance in vehicle-to-vehicle collision. However, he mentioned that more research into the effect of VDCS on vehicle collision mitigation is recommended. In this paper, a new 6-Degree-of-Freedom (6-DOF) vehicle dynamics/crash mathematical model has been developed to improve the vehicle collision performance at high speed collisions in full and offset frontal crash scenarios. The ABS and the AS control system are co-simulated with the mathematical model. The AS control system is used to reduce vehicle body pitch angle, pitch acceleration, yaw angle, and yaw acceleration.
Car model
In this section, a 6-DOF vehicle dynamics/crash mathematical model has been presented and is used to implement this study. Using mathematical models in crash simulations is useful at the first design concept, because rapid analysis is required at this stage. In addition, the wellknown advantage of mathematical modelling provides a quick and valid simulation analysis compared with finite element models. Vehicle crash structures are designed to be able to absorb the crash energy and control vehicle deformations; therefore simple mathematical models have been used to represent the vehicle front structure [15] . In this model, vehicle mass is represented by lumped mass and vehicle structure is represented by a spring in a simple model to simulate frontal and rear-end vehicle collision processes. Moreover, other analyses and simulations of vehicle-tobarrier impact using a simple mass spring model were established by Kamal [16] . Kamal's study demonstrated that mathematical modelling can be accurately used for unlimited numbers of vehicle-to-barrier crash tests. To achieve enhanced occupant safety, the crash energy management system was investigated by Khattab [17] . This study, using a simple lumped-parameter model, discussed the applicability of providing variable energy absorbing properties as a function of the impact speed. The 6-DOF model used in this paper is developed to optimize the VDCS in impending impact at full and offset crash scenarios. The ABS and the AS control systems are co-simulated with a full car vehicle dynamic model and integrated with a non-linear front-end structure model as shown in Figure 1 . Figures 2(a) and 2(b) are the pitchplane and yaw-plane of the mathematical model, which are used to clarify and simplify the 3-D drawing. It is assumed that the front-end springs are still horizontal during impact and they will not incline with the vehicle body. In this model, the vehicle body is represented by lumped mass m and four spring/damper units are used to represent the vehicle suspension system. The AS system is cosimulated with the suspension system and the ABS is co-simulated with the model using a simple wheel model. Four nonlinear springs are also proposed to represent the upper and lower members of the vehicle frontal structure. The mass of the impacted part of the bumper is neglected because it is not moving during collision, while the mass of the rotational part of the bumper requires consideration. It is assumed that the vehicle moves on a flat asphalted road, thus neglecting the vertical movement of the tyres and road vertical forces. Vehicle body pitching is due to vehicle braking, the different values between the upper and lower crash forces, and the different distances between upper and lower members from the vehicle's centre of gravity. 
Equation of motion of the mathematical model
In this section, the mathematical model and its equations of motion are developed to study and predict the dynamic response of the primary impact in full and offset vehicle-tobarrier crash scenarios. Figure 3 shows the deformation of the front springs due to vehicle pitching; Figure 4 shows the deformation of the front springs due to vehicle rotation around the point of impact. The equations of motion of the 6-DOF model can be written using Figures 1, 3 and 4 as:
where , I , I and I are the mass of the vehicle body, the moment of inertia of the vehicle body about the axis, the moment of inertia of the vehicle body about the axis, the moment of inertia of the vehicle body about axis at the point of impact and the moment of inertia of the rotation part of the bumper about the z axis at the point of impact, respectively.¨ and¨ are the acceleration of the vehicle body in longitudinal direction and the acceleration of the vehicle body in the vertical direction, respectively. θ,φ,ψ andφ are the rotational pitching, yawing, rolling acceleration of the vehicle body, and rotational acceleration of the rotation part of the bumper, respectively. and are the vehicle body longitudinal and vertical displacements, respectively. F , F , F S and F are the front-end non-linear spring forces, the braking forces, the vehicle suspension forces and the friction forces between the tyres and the road due to vehicle yawing, respectively. As shown in Figure 4 (b), φ, φ , γ and γ 1 represent the vehicle body yaw angle, the rotational part of the bumper angle, the angle between the front-end right springs and axis and the difference angle between and γ, respectively. , , and represent the longitudinal distance between the vehicle centre of gravity (CG) and front wheels, the longitudinal distance between the CG and rear wheels, the wheel base and the CG height, respectively. and are the distance between the point of impact and impacted springs and the distance between the point of impact and non-impacted springs, respectively. and are the distance between the CG and right wheels, the CG and left wheels, respectively. The front-end springs' location is represented by the subscripts R , L , R and L which denote upper right spring, upper left spring, lower right spring and lower left spring, respectively. The vehicle wheel location is represented by the subscripts R , L , R and L which denote front right wheel, front left wheel, rear right wheel and rear left wheel, respectively. , , , 1 and 2 represent the length of the front-end springs, the distance between the bumper and the centre of front wheels, the distance between the point of impact and the end of rotational part of the bumper, the distance between the CG and front-end upper springs and the CG and front-end lower springs, respectively. It should be noted that at full frontal collision the distance is equal to zero and equations 3, 4 and 5 are eliminated.
1 and 2 represent the distance between the CG and the upper springs force and the CG and the lower springs force, respectively, and can be calculated using Figure 3 as:
angles γ and γ 1 can be calculated as shown in Figure 4 (b) by:
Forces generated by the suspension system
The suspension forces are generated via vertical movement of the vehicle body and depend on the displacement and velocity of the body motion and can be written as follows:
where S , and represent the stiffness of the suspension springs, the damping of the suspension coefficients and the active suspension force elements, respectively. θ and ψ are the vehicle body pitching and rolling angels, respectively. ,θ andψ represent the vehicle body vertical velocity, pitching velocity and rolling velocity, respectively.
Forces generated by the control systems
The ABS and AS control systems are co-simulated with the mathematical model. To calculate the braking force generated from the ABS, a simple wheel-road model shown in Figure 5 (a) is used, and its associated equation can be written as:
the slip ratio λ is defined as:
the relationship between µ(λ) and wheel slip λ is shown in Figure 5 (b), which can be approximated by the following function (Ting & Lin 2004) :
where I is the wheel moment of inertia, ω is the wheel angular velocity,ω is the wheel angular acceleration, T is the friction torque, T is the braking torque applied by the disk/drum brakes, is the wheel radius, µ is the friction coefficient between the tyre and the road, λ is the tyre slip ratio, λ is the optimal slip ratio, which can yield the peak friction value µ(λ ) = µ , F is the vertical normal forces of the tyres, is the vehicle body velocity, and is the equivalent wheel longitudinal velocity. The subscript indicates the wheel's location ( R : front right wheel, L : front left wheel, R : rear right wheel and L : rear left wheel). The wheel rotational angle can be calculated after the integration of Equation (1), and then the estimation of the slip ratio λ can be driven. The values of the slip ratio are then used to feed the ABS controller. This controller compares the error between the desired slip ration (from 0.18 to 0.3) and the estimated one. Relative to the error comparison, the ABS controller turns the brake on/off which controls the braking torque T to sustain the coefficient of friction µ at its maximum values (µ ), therefore the maximum braking force can be obtained. The vertical forces F at each wheel can be written as follows:
The AS force elements are taken in parallel with the existing conventional suspension system and applied in the vertical direction. The maximum AS force is considered to be 2000 N on each wheel with the maximum suspension travel limit of 100 mm, taking into consideration the response time of the AS system.
Forces generated by the frontal nonlinear springs
To simulate the upper and lower members of the vehicle front structure, multi-stage piecewise linear forcedeformation spring characteristics are considered. The non-linear springs used in the multi-body model [14] are taken to generate the stage piecewise spring's characteristics, as shown in Figure 6 . The forces of the frontend springs are calculated using the general relationship between the force and deflection of a nonlinear spring described in Figure 7 as follows:
where and δ represent the stiffness and the deflection of the front-end spring, respectively. The subscript indicates the spring location ( R : upper right spring, L : upper left spring, R : lower right spring and L : lower left spring) and the subscript indicates different stages of the forcedeformation characteristics as shown in Figure 7 . The stiffness of the spring and the force elements F vary according to the different stages of the deflection δ and can be defined as follows:
where the deformation of the front-end springs δ can be calculated using Figures 3 and 4 (c) as: where δ θ , δ φ and δ represent the deflection of the front end due to pitching, yawing and the bumper's rotation, respectively, and can be calculated as:
· cos tan
Car model validation
To ensure that the model is valid and provides accurate results of crumble zone deformation and the dynamic responses of the vehicle body are reliable, comparisons between the mathematical model, real test data and former multi-body model are established. In the real crash test, the vehicle was in free-rolling mode with an impact speed of 16.1 m/s; therefore the same conditions are used as initial conditions in the mathematical model simulation. The comparison of the mathematical model, ADAMS multibody model [14] and real test results [18] are depicted in Figures 8-10 . The lower initial speed of 15.1 m/s at the moment of impact of the ADAMS model as shown in Figure 8 is due to the effect of rolling resistance prior to impact [14] , while the initial speed of the mathematical model is adapted to be the same as the actual test impact speed. However, the post-impact velocity curve of the mathematical model is in a good correlation with both real test and ADAMS model results.
In the vehicle body deceleration results shown in Figure 9 , a high correlation between the mathematical model and the ADAMS model and the mean results of the real test is observed. The sudden reduction of the vehicle deceleration at the end of the collision on the mathematical model and ADAMS results is due to the deactivation of the spring forces at this point (there is no recoil of the springs). Although the mathematical model predicted a slightly higher value than the ADAMS results, the mean value of deceleration is approximately the same as that of the actual results. The deformation of the front-end structure is illustrated in Figure 10 , and a slightly lower value of the maximum deformation appeared in the mathematical model. This may be due to mass differences or other assumed parameters. However, the trend in the three cases is approximately the same with small differences in the maximum deformation. Figures 11 and 12 show the comparison between the mathematical model results and the ADAMS results for vehicle yaw velocity and acceleration. In Figure 11 the vehicle velocities are almost the same in both models until they reach the maximum values (at the end of the crash).
After the crash ended, the vehicle yaw is dependent on the maximum vehicle pitch angle and the period during which the rear wheels leave the ground. This describes the difference between the yaw velocity results of each model at post-crash. While the maximum vehicle yaw acceleration is slightly higher in the ADAMS model results than the mathematical model results, a good correlation between both results is noted as shown in Figure 12 .
Prediction of the vehicle crash behaviour in different crash scenarios
In this section the vehicle crash performance is predicted when different cases of VDCS are applied at full and offset frontal collision scenarios. The following four cases have been chosen to fulfil this numerical study with full and offset frontal collision and five different speeds for each case (25, 40, 55, 70, and 85 km/hr):
• free rolling: in this case the vehicle collides with the barrier without applying any type of control;
• ABS: in this case the anti-lock braking system is applied before and during the collision;
• anti-pitch control system: the AS control is used to maintain the vehicle almost horizontal before the crash by applying an active force element on the front and rear wheels in upward and downward directions, respectively. A fuzzy control scheme is used to control the vehicle in this case;
• under-pitch control: here the vehicle has assumed a reverse pitching angle before crash using an AS control system; Fuzzy control is also used in this status.
While the ADAS detected that the crash will be unavoidable 1.5 s prior to the impact [4] , VDCS will be applied in this short time preceding the impact. The values of the different parameters which were used in simulations are given in Table 1 . 
Full frontal crash results
The deformation of the front-end structure, deceleration, pitch angle and acceleration of the vehicle body are determined in all four cases and five speeds as shown in Table 2 . Five different speeds have been used to compare the effect of the applied control system at these diverse crash speeds. The speed of 70 km/hr has been chosen to illustrate the behaviour of the vehicle with the time which is similar on the other crash speeds. Figure 13 shows the front-end structure's deformation-time histories of all cases at this speed. Slight differences in the maximum deformation of the vehicle's front-end are found in each separate case; however, reduction in the maximum deformation is obtained when the ABS is applied (cases 2-4) with almost the same values. Vehicle body deceleration -time histories for all cases are depicted in Figure 14 , and it can be said that there is no significant difference in trends or values. However, in cases 2-4, when the ABS is applied, a very small change in the higher value of the vehicle body deceleration is observed at the early stage of crash in comparison to case 1 (free rolling). These higher values exist until the front wheels reach the barrier and their braking effect ends; at this point rapid reduction in the vehicle body deceleration occurs (arrow 1, Figure 14) . At the end of the collision the vehicle is stopped and starts moving in the opposite direction; meanwhile the braking force also changes its direction and deceleration is suddenly decreased as shown in Figure 14 , arrow 2. Figure 15 shows the vehicle pitch angle-time histories for all cases at the same speed (70 km/hr). The VDCS is applied 1.5 second before collision and, therefore, the vehicle body impacts with the barrier at different values of pitch angles related to each case as shown in the figure. The vehicle pitch angle then reaches its maximum values (normally after the end of crash) related to each case. Following this, the pitch angle is reduced to reach negative values and then bounces to reach its steady-state condition.
In the case of free rolling, vehicle body pitching angle is generated solely due to the different impact forces between the upper and lower front-end springs, while in case 2 (only ABS is applied) extra pitching moment is generated due to the braking force. This explains how the maximum pitch angle is observed in this case. In case 3 (ABS + Figure 16 . Pitch acceleration of the vehicle body for all cases at full frontal collision and speed of 70 km/hr.
AP), the AP control system helps the vehicle to reduce its pitching by generating pitching moment in the opposite direction; and that clarifies the reduction in the maximum vehicle body pitching in this case which is lower than the pitch angle in case 1. When the under pitch technique is applied along with ABS (case 4), the vehicle is given a negative pitch angle before impact, and the UP forces will generate a negative pitch moment before and during impact. In this case a great improvement of vehicle pitching is obtained an it can be seen from Table 2 that as the maximum pitch angle (at speed of 85 km/hr) is reduced from about 16 degree in the free rolling case to about 3.5 degrees (almost equal to the maximum pitching angle in the case of free rolling at speed of 25 km/hr, see Table 2 ). Comparing the effect of applying the UP control along with ABS (case 4) on vehicle crash at different impact speeds, it can be observed that the improvement of vehicle pitching is increased from about 70% at vehicle crash speed of 25, 40 and 55 km/hr to about 74% at 70 km/hr and 78% at 85 km/hr (see Table 2 ). Vehicle pitch acceleration-time histories are depicted in Figure 16 for all four cases. The pitch acceleration is increased very fast at the early stage of crash, and then it is increased rapidly at the lower rate to reach its maximum value for each case due to the high pitching moment that is generated from the collision. At the end of the collision, all pitching moment due to the crash is equals zero; vehicle speed is negative with very low value, and the vehicle pitch angle is still positive. That means the vehicle is now controlled by the tyres and suspension forces which have already generated moment in the opposite direction of vehicle pitching. That describes the reason for the high drop and the changing direction from positive to negative on the vehicle pitch acceleration at the end of the crash. As shown in the figure the vehicle maximum pitching acceleration occurs at the end of collision and the greatest value of the maximum pitching acceleration is observed in case 2 (ABS) whilst the lowest value is detected in case 4 (ABS + UP). The reduction of the vehicle pitch acceleration in case 4 is also notable; it decreases from about 2500 deg/s 2 in case of free rolling to about 1000 deg/s 2 at speed of 85 km/hr (see Table 2 ). The percentage of enhancement of vehicle pitching acceleration is increased from about 50% at vehicle crash speeds of 25, 40 and 55 km/hr to about 54% at 70 km/hr and 60% at 85 km/hr as observed from Table 2 .
Offset crash results
In an offset crash scenario, the deformation of the impacted side of the front-end structure, deceleration, pitch angle and acceleration of the vehicle body as well as the yawing angle, velocity and acceleration of the vehicle body are obtained in all four cases and five speeds as shown in Table 3 . The vehicle front-end deformation at a speed of 85 km/hr exceeds the allowable length of the frontal structure (1.2 m), and that means the compartment has been intruded. The speed of 70 km/hr is also chosen to illustrate the results of the offset collision. Figure 17 shows the impacted side of the front-end structure's deformation-time histories of all cases at speeds of 70 km/hr. Logically, the maximum deformation of the front-end in an offset crash is greater than the one in full crash because most of the crash energy is absorbed by one side of the vehicle. Similarly as observed in a full crash, slight differences in the maximum deformation of the vehicle's impacted side are found in the four different cases of offset crash; however the minimum deformation is obtained in case 4. In this case a reduction of about 30 mm is obtained compared with the free rolling case.
Vehicle body deceleration -time histories for all cases are depicted in Figure 18 and it found that there is no significant difference in trends or values. The fast reduction in the vehicle body deceleration (arrow 1 in Figure 18 ) occurs when the front left wheel reaches the barrier and its braking effect is ended. Additionally, at the end of the collision the vehicle is stopped and starts moving in the opposite direction meanwhile the braking force also changes its direction and deceleration is suddenly decreased as shown in Figure 18 , arrow 2. Figure 19 shows the vehicle pitch angle-time histories for all cases. Similar to the full crash scenario, different values of pitch angles at the point of impact are shown related to each case because the VDCS is applied 1.5 second before collision. The maximum pitch angle is observed in case 2, and this is due to the pitching moment that is generated because of the braking force as mentioned in the case of a full crash. Similar to the full crash scenario, the minimum pitch angle is obtained when the UP control system is applied along with the ABS. Furthermore a great improvement of vehicle pitching is obtained as the maximum pitch angle is reduced from about 12 degree in the free rolling case to about 3 degrees at this case. Comparing the effect of applying the UP control along with the ABS (case 4) to the vehicle crash at different impact speeds, it can be observed that the improvement of vehicle pitching is increased from about 73% at different crash speeds to about 76.5% at 70 km/hr (see Table 3 ). Vehicle pitch acceleration-time histories are depicted in Figure 20 for all four cases. The greatest value of the maximum pitching acceleration is also detected in case 2 (ABS) while the lowest value is observed in case 4. The reduction of the vehicle pitch acceleration is also notable in offset crash scenario; it decreases from about 1400 deg/s 2 in case of free rolling to about 640 deg/s 2 in this case. The percentage of enhancement of vehicle pitching acceleration is increased from about 51% at the different crash speeds to about 54% at 70 km/hr (see Table 3 ). In the offset collision, only one side of the vehicle is impacted, which creates a high difference between the right and left front-end springs' forces, and that is the main source of the yaw moment that makes the vehicle body rotate around the axis. Figure 21 shows the vehicle yaw velocity-time histories for all cases at the same vehicle collision speed of 70 km/hr. Vehicle yaw velocity is equal to zero before the crash then it is changed in three different stages: firstly it is increased rapidly during the collision; secondly it is changed slowly to reach a specific value; and thirdly it is decreased gradually to reach zero value. In the first stage, the rapid increase in the yaw velocity is due to the high acceleration (see Figure 22 ) caused by the one sided impacted spring. At the end of the collision, the rear wheels have already left the ground due to the vehicle pitching and the vehicle is now controlled by the front wheels alone. So, in the second stage, the decrease in the vehicle's yaw velocity is due to the friction force between the front tyres and the ground. Stage 3 begins when the rear wheels initiate contact with the ground which generates yaw moment in the opposite direction causing a reduction of the vehicle yawing velocity at a higher rate than the decreasing velocity rate in the second stage. It should be noted that at low speeds the rear wheels do not leave the ground and stage 2 is not existed. Because of the maximum vehicle front-end deformation observed in case 1 (free rolling), as shown in Figure 17 , the greatest peak of yaw velocity appears in the same case, as shown in Figure 21 . The maximum yaw velocities are approximately the same for case 2 and 3, and the maximum velocity of case 4 is the lowest. The period of the second stage is different for each case and is mainly dependent on pitching angle and the time that the rear wheels leave the ground. It is monitored because, in case 4, the rear wheels do not leave the ground. Figure 22 shows the vehicle body yaw angle-time histories for all cases. While the maximum yaw velocity and acceleration (Figures 21 and 23 ) occur at case 1 (free rolling), It is found that the maximum yaw angle of about 111 degrees is noted in case 2 (ABS). That is because the maximum value of the vehicle yaw angle is not depends only on the yaw acceleration, but it also depends on the vehicle pitch angle and the period of time that the rear wheels leave the ground for each case. The minimum yaw angle of about 75 degrees is noted in case 4 when the UP control is applied along with the ABS, and a reduction of about 36 degrees (32%) is obtained in this case compared with the ABS alone being applied. As described before, the UP technique is used to make the vehicle pitching up for a few degrees before the crash.
Vehicle body yaw acceleration-time histories are depicted in Figure 23 . Maximum yaw acceleration is discovered in case 1 (free rolling), and yaw acceleration for the other cases is approximately the same. At the end of the collision the vehicle is controlled by the front wheels only, as mentioned before, which try to hinder the yawing motion; the negative acceleration is shown with different small values related to each case. These negative values of the vehicle yaw acceleration are changed slowly with time; then they reach zero rapidly when the yaw velocity equals zero. 
The effect of the UP control (case 4) on the crash speed
While the effect of the UP control on the vehicle front-end deformation and deceleration is small, the vehicle pitching event is used to show the relation between the UP control technique with the different crash speeds. Figure 24 shows the vehicle pitch angle at the different crash speeds when the UP control is applied along with ABS at full frontal collision. From this figure it can be observed that the relation between the increase of crash speed and the effect of the UP control is not linear, which is not detected on the other three cases (case 1, 2 and 3). In other words, when the crash speed is increased from 25 to 40 (km/hr), the incremental of the maximum pitch angle is equal to 1.09 deg.; and with the increase of the crash speed, the incremental of the maximum pitch angle is decreased. For example, when the crash speed is increased from 70 to 85 (km/hr), the incremental of the maximum pitch angle is equal to 0.28. This nonlinear relation means that the efficiency of the UP control system is increased with the crash speed. Figure 25 shows the pitch acceleration-time histories for all different speeds in full frontal collision when the case four is applied. It is observed here that in addition to nonlinearity of the relation between the effect of UP control and the vehicle crash speed, the maximum pitch accelerations at speeds of 55, 70, and 85 (km/hr) are almost the same. This results indicates the robustness of the UP control technique at high crash speeds.
The same nonlinear effect of the UP control system on vehicle pitching is also noticed in offset crash scenarios with different values. Figure 26 shows the vehicle yaw angle-time histories for all different five speeds in offset frontal crash when the case four is applied. It is observed that the relation between the effect of the UP control system on vehicle yawing is also nonlinear, but in opposite manner. In other words, when the crash speed is increased, the incremental of the maximum yaw angle is increased. This nonlinear relation is also observed on the vehicle yaw velocity and acceleration; in addition, it is noticed on the other three cases (case 1, 2, and 3). So it can be said that while the UP control helps to reduce the maximum vehicle yaw angle and velocity, its effect is not increased at high speed crashes.
From this study of full frontal and offset crash scenarios, it can be said that the vehicle pitch angle and acceleration are greatly reduced when the ABS is applied with the UP control. There are two notable benefits of reducing the vehicle pitching. Firstly, it makes the crash event more survivable even considering the risk of head and neck injury as stated by Chang et al. [7] . Secondly, reducing the vehicle pitching is the main reason for decreasing the maximum yaw angle. The benefit of the reduction of the maximum yaw angle is to lessen the risk of the car being side-impacted by any obstacles on the road.
Conclusion
Development of a new 6-DOF vehicle dynamics/crash mathematical model has been employed to study the effect of vehicle dynamic control systems (VDCS) on high-speed vehicle crashes. The model presented here is validated against former model and real crash results; it would be very useful in the early design stages for assessing the crash worthiness of the vehicle. In this study, three different cases of VDCS have been used to enhance the vehicle behaviour at high-speed crash scenarios. The results show that the effect of the active VDCS is quite minimal in terms of vehicle deformation and deceleration; however, there are significant improvements on vehicle pitch event at full frontal collision. In addition, a noteworthy enhancement of vehicle pitching and yawing is observed at vehicle offset crash scenarios.
